Abstract Rainbow smelt (Osmerus mordax) are freezeresistant fish that accumulate glycerol and produce an antifreeze protein during winter. Quantitative reverse transcription PCR (qPCR) and subtractive hybridization studies have previously revealed five genes in rainbow smelt liver to be differentially regulated in winter in comparison with the fall when water temperatures are warmer. In order to further define the suite of processes that are regulated seasonally, we undertook a large-scale analysis of gene expression by hybridization of smelt cDNA to the salmonid 16K cGRASP microarray. In total, 69 genes were identified as up-regulated and 14 genes as down-regulated under winter conditions. A subset of these genes was examined for differential regulation by qPCR in the individual cDNA samples that were pooled for microarray analysis. Ten of the 15 genes tested showed significant change in the same direction as microarray results, whereas one showed significant change in the opposite direction. Fructosebisphosphate aldolase B and the cytosolic NAD-dependent glycerol-3-phosphate dehydrogenase were among the most highly up-regulated genes, a result supporting a metabolic focus on glycerol synthesis during winter. Modulation of other processes, including endoplasmic reticulum stress, lipid metabolism and transport, and protein synthesis, was also suggested by the qPCR analysis of array-identified genes. The 15 genes were subsequently examined by qPCR for seasonal variation in expression over five sampling times between October and March, and ten showed significant variation in expression over the sampling period. Taken together, these results provide new understanding of the biochemical adaptations of vertebrates to an extremely low seasonal temperature.
Introduction
Fish species that inhabit polar and north temperate oceans are able to survive very low temperatures that can decline below the normal freezing point of fish serum. Several of these species have biochemical adaptations that lower their freezing points to that of the seawater and thereby protect them from freezing (Goddard and Fletcher 2002; Driedzic and Ewart 2004) . The most widespread freeze resistance adaptation in fish is the production of antifreeze proteins (AFPs) that lower the freezing point in a non-colligative fashion by binding to ice crystals (Fletcher et al. 2001) . A less common adaptation in fish is the accumulation of glycerol to high levels, which results in a colligative freezing point depression . Both adaptations are present in rainbow smelt (Osmerus mordax; Ewart et al. 1992; Raymond 1992) , a species that survives in icy seawater and remains active and feeding throughout the winter season. The rainbow smelt (hereafter referred to as smelt) produces an antifreeze protein seasonally. Glycerol also accumulates seasonally, although the cycle appears independent of that of the antifreeze protein and the two processes appear to be regulated separately (Lewis et al. 2004; Liebscher et al. 2006 ).
The spectrum of adaptations required in order for smelt to be active in freezing seawater is expected to involve more than freeze resistance. Cellular components that are sensitive to temperature variation would require adjustment over the winter season in order to maintain their integrity and function. In simple model eukaryotes that are eurythermal, transcriptional response to temperature shift has been examined in a thorough manner, leading to contrasting results. In yeast (Saccharomyces cerevisiae), a comparison of results obtained by three different laboratories revealed a set of six genes up-regulated with cold that were common to all experiments, and three of these genes were involved in lipid metabolism (Tai et al. 2007 ). However, genetic disruption of low-temperature-induced lipid remodeling in the worm Caenorhabditis elegans results in substantial retention of the cold tolerance phenotype, revealing the significance of other adaptations (Hayward et al. 2007 ). In fish, most studies have involved species that are coldsensitive or moderately eurythermal. For this reason, transcriptional responses to cold temperature are likely to involve a stress (heat shock) response in addition to adaptive changes; however, the adaptive changes remain informative. In the zebrafish (Danio rerio), temperature shift from 28°C to 18°C for a year increased the expression of genes involved in alleviating oxidative stress (Malek et al. 2004) . A further study in which zebrafish gills were more specifically examined and for a shorter length of time (1-30 days) showed differential regulation of several genes involved in metabolism (Chou et al. 2008) . In tissues of catfish (Ictalurus punctatus), carp (Cyprinus carpio), killifish (Austrofundulus limnaeus), and cultured cells of medaka (Oryzias latipes), which are all relatively eurythermal species, cool temperatures (10-20°C) resulted in the up-regulation of many genes, including several that were specific to species, tissue, or temperature regimen (Ju et al. 2002; Podrabsky and Somero 2004; Cossins et al. 2006; Hirayama et al. 2008) . These findings were in contrast to the more modest responses with fewer up-regulated genes in stenothermal zebrafish and cells in culture at similar temperatures (Chou et al. 2008) , suggesting that a strong transcriptional response might be essential to seasonal and low temperature adaptation. Together, these studies reveal the stress response to low temperature and suggest some avenues by which fish may lessen the limitations of low temperature on cell components and metabolic processes.
To identify genes that are truly adaptive at the lowest temperatures encountered by functioning vertebrate cells and widely relevant to vertebrate temperature adaptation, it would be most informative to examine a temperate eurythermal species that is metabolically active and feeding over a wide temperature range, including sub-zero freezing seawater. The most fully cold-adapted species would be expected to show no detectable stress response upon cooling as the genes differentially regulated in those species would bring about fully adaptive changes that preclude a stress response. The smelt, which is active at low and freezing water temperatures, is an ideal model in this context. Earlier studies have shown differential regulation for a small number of genes. Initially, the smelt antifreeze protein, phosphoenolpyruvate carboxykinase, and glycerol-3-phosphate dehydrogenase were examined over the fallspring interval because of their expected roles in generating antifreeze protein and glycerol that lower the freezing point of smelt over the winter season. Each showed a seasonal cycle of gene expression, although the cycles were distinct, suggesting different modalities of regulation (Liebscher et al. 2006) . In a subsequent study, liver mRNA was subject to suppressive subtraction hybridization (Richards et al. 2008) as a means of discovering other genes with potential roles in winter survival. Although the enrichment process was leaky, a large number of genes were enriched in the fall and winter libraries, and after a triage process, two genes with distinct roles were confirmed by quantitative reverse transcription PCR (qPCR) as up-regulated in winter, suggesting that the scope of adaptive change in smelt extends beyond freeze resistance during the winter season (Richards et al. 2008) .
The goal of the current study was to generate a representative profile of the transcriptome of smelt liver in response to the winter season in order to reveal the spectrum of products and processes that are integral to winter survival at the molecular level. A salmonid cDNA microarray was hybridized with smelt cDNA from fall and winter samples. Because a heterologous array was used in this study, a subset of microarray-identified genes was directly examined in the samples used for microarray. The same genes were then examined for seasonal variation in order to gain further insight into their roles.
Materials and Methods

Sample Preparation
Smelt were collected in Newfoundland, Canada and maintained at the Memorial University of Newfoundland Ocean Sciences Centre (OSC) on flow-through water at ambient temperature and photoperiod. Procedures were according to the Canadian Council on Animal Care guidelines. For samples used in microarray hybridization, livers were obtained from three male smelt on 20 October 2000 when the water temperature was 10°C and from three male smelt on 23 January 2001 when the temperature was 1°C. These samples were also used for qPCR analysis of selected genes for evaluation of the microarray hybridization results. Thereafter, a more detailed examination of seasonal gene expression by qPCR was conducted with livers obtained from male smelt sampled on the following dates: 20 October 2000 , 1 Nov. 2000 , 20 Dec 2000 , 23 Jan. 2001 , and 23 March 2001 (Lewis et al. 2004 . A detailed temperature profile for these samples is provided by Lewis et al. (2004) .
Liver (30-50 mg) was treated with RNAlater (Ambion), stored at −80°C, and transferred to the National Research Council Institute for Marine Biosciences for processing. Tissue was homogenized in 1 mL TRIzol reagent following the manufacturer's protocol (Invitrogen) using an RNaseZap (Ambion)-treated Polytron homogenizer (Brinkmann) for 15-20 s on high speed. The tip was rinsed between samples with a series of washes beginning with 0.1% sodium dodecyl sulfate (SDS) in DEPC water and ending with DEPC water. After air drying, the total RNA pellet was redissolved in nuclease-free water (Sigma-Aldrich) and treated with RNAsecure reagent (Ambion). RNA quality was assessed by electrophoresis on 2% agarose gels in TBE buffer and quantified using the NanoDrop spectrophotometer (Thermo Fisher).
cDNA Synthesis and Microarray Hybridization RNA preparations from the three fish sampled on a single day in October were combined in equimolar amounts, and the same was done for RNA from the three fish sampled on a single day in January. Microarray analysis of the pooled RNA samples was performed using the cGRASP 16K chip (Centre for Biomedical Research, Department of Biology, University of Victoria, Canada; http://web.uvic.ca/grasp/ microarray/array.html). Microarray hybridization was performed in triplicate (three technical replicates) according to the manufacturer's instructions (Genisphere), essentially following the methods of Rise et al. (2004a Rise et al. ( , 2006 . The microarray experiments were designed in compliance with "minimum information about a microarray experiment" guidelines (Brazma et al. 2001) . All data were deposited in the gene expression omnibus (http://www.ncbi.nlm.nih.gov/ geo/), and the accession number is GSE17961.
Labeling of cDNAs employed the 3DNA Array 900 chemistry (Genisphere) for two-color analysis using the Alexa Fluor 546 and 647 kits and was conducted essentially as described by the manufacturers, with minor modifications. For each pool of total RNA, 2 µg of RNA was combined with 1 µL of the fluor-specific RT primer and nuclease-free water to make 6 µL. After denaturing at 80°C for 5 min and cooling on ice, 4.5 µL of a master mix consisting of 5 µL 5× Superscript first-strand buffer, 2.5 µL DTT, 1.25 µL Superase-in RNase inhibitor, and 1.25 µL Superscript III enzyme (200 units) was added. After mixing and brief centrifugation, the solution was incubated at 50°C for 2 h. The reaction was stopped by the addition of 1 µL 1 M NaOH, and after incubation at 65°C for 10 min to hydrolyse the RNA, the reaction was neutralized by adding 1.2 µL of 2 M Tris-HCl, pH 7.5, for a final reaction volume of 12.7 µL for each fluor.
Pre-hybridization of the arrays was performed in custom made, O-ring sealed aluminum chambers using 60 µL of a solution of final concentration 5× SSC (20× SSC stock, Ambion), 0.1% SDS (10% stock, Ambion), and 0.2% BSA (fraction V, Sigma-Aldrich) which was aliquoted carefully to prevent air bubble entrainment beneath a spaced coverslip (Lifterslip, ThermoFisher Scientific). The sealed chambers were immersed in a 49°C water bath for 45 min, after which the arrays were washed in water twice for 20 s each, followed by drying by centrifugation at 500 rpm for 2 min. A cDNA hybridization solution consisting of the two cDNA reactions (12.5 µL each), 3 µL of the GFP gridding assist spike (see below), 2 µL of the LNA dT blocker, and 30 µL 2× formamide hybridization buffer #7 (cooled after previously being heated to 70°C for 10 min) was heated to 80°C for 10 min and cooled to 49°C before introduction beneath a fresh Lifterslip placed over the prepared, pre-warmed to 49°C, arrays. A 40 µL aliquot of nuclease-free water was added to the chamber before sealing for humidification during the overnight incubation in the 49°C water bath.
In addition to the labeled cDNAs, the hybridization solution contained a DNA fragment encoding GFP and labeled with Cy5 to hybridize to green fluorescent protein cDNA spots added to the subgrids for identification (Rise et al. 2004b) . Using an expression vector (pGFP, Clontech) with a GFP-tagged gene of interest as a template, a 280-bp product was amplified using PCR primers GFP-F and GFP-R (Table 1 ). The amplicon was gel-purified and labeled using a random primed DNA labeling kit (Roche) according to the manufacturer's instructions. Briefly, 50 ng of template DNA in 18 µL nuclease-free water was heated to 95°C for 10 min before cooling on ice. Deoxynucleotide triphosphates (2 µL each except dCTP) from the kit were added as well as a 10 µL aliquot of Cy5-labeled dCTP (Perkin Elmer) and 2 µL of the Klenow fragment, followed by incubation at 37°C for 45 min. The reaction was stopped by the addition of 4 µL 0.2 M EDTA. The Cy5-tagged product was purified using a PCR product purification kit (Qiagen) and analyzed for dye incorporation using the NanoDrop spectrophotometer (Thermo Fisher).
The 3DNA hybridization solution was prepared by mixing 30 µL prepared formamide hybridization buffer #7, 2.5 µL each fluor-specific capture reagent, and 25 µL nuclease-free water. The mixture was then heated to 80°C, cooled to 49°C, and aliquoted beneath a fresh Lifterslip on the washed arrays as before. The hybridization was allowed to continue for 4 h in sealed chambers at 49°C. The arrays were then removed from the chambers and the same wash procedure followed except under subdued yellow light to prevent photobleaching of the fluorophores. The arrays were stored protected from light until scanned.
For the post-hybridization wash, the first wash buffer (2× SSC, 0.1% SDS) was pre-warmed to 49°C. The coverslip was floated off by washing the array in prewarmed wash buffer, and the washing continued for an additional 10 min with the arrays mounted in a rack. The rack was then transferred through a series of washes of increasing stringency, all at room temperature: two 5-min washes in 2× SSC with 0.1% SDS; two 5-min washes in 1× SSC; and two 5-min washes in 0.1× SSC followed by centrifugal drying as before. Small, covered stainless steel flat-bottomed boxes with removable microscope slide racks were used for all washing steps.
Microarrays were scanned at 532 and 635 nm using the ScanArray 5000XL (Packard BioChip Technologies) at a resolution of 10 μm with channels balanced based on line scans through representative groups of spots. Spot intensity values were obtained and normalized using the QuantArray (Packard) microarray analysis software, and data were exported to Excel for further analysis. Genes with intensity values ≥325 fluorescence units, with a coefficient of variation ≤30%, based upon data from a minimum of two technical replicates were considered as suitable for use as data. In the set of genes meeting the criteria, those for which the mean January expression value was twofold or greater or 0.5-fold or less of their October values were identified as differentially regulated.
Gene Expression Analysis by qPCR
A series of qPCR reactions were performed on cDNA reverse-transcribed from smelt RNA using SYBR Green detection. For this purpose, liver tissue samples stored as above were removed from the −80°C freezer and kept on dry ice while a 40 mg portion was weighed and placed into a tube from the FastRNA Pro Green Kit (MP Biomedicals) containing Lysing Matrix D. Once all were weighed, 1 mL of the RNApro lysis solution was added and the tubes were placed in a FastPrep-24 machine (MP Biomedicals) and processed for 40 s at speed setting 6. The procedure continued as in the manufacturer's instructions. The resulting pellets were dissolved in nuclease-free water and treated with RNAsecure as above. RNA was analyzed in each sample using a NanoDrop Spectrophotometer (Thermo Fisher). Each sample (25 µg RNA in 60 µL) was treated with two 1.25 µL aliquots of TurboDNase GFP oligonucleotides were employed in the microarray analysis. All other primers were used for qPCR analysis of gene expression. Primers were designed as described in the "Materials and Methods".
(Ambion) for 30 min each at 37°C. Following DNase inactivation and centrifugation, RNA was stored at −80°C. Absorbance values revealed consistent final concentrations of approximately 300 ng/µL. The reverse transcription procedure was followed as in the user's manual (Invitrogen), except that it was scaled to 10 µL reaction size. Briefly, in the wells of a 96-well plate (Ultident Canada), 1 µg of each sample was made up to 5 µL with nuclease-free water. Additional reaction components including 0.5 µL 500 ng/µL of oligo(dT)12-18 (Invitrogen), 0.5 µL random decamers (Ambion), and 0.5 µL of a 10 mM dNTP mix (Fermentas) were added, and after capping the wells, the reaction mixture was heated in a thermocycler (Applied Biosystems GeneAmp 9700) at 65°C for 5 min and placed on ice for longer than 1 min. The remaining reaction components were added as a premix including 2 µL of the 5× reaction buffer, 0.5 µL 0.1 M DTT, 0.5 µL RNaseOut, and 0.5 µL Superscript III reverse transcriptase (all Invitrogen). The wells were capped once again, and after a brief centrifugation to settle all droplets to the bottom of the wells, the plate was returned to the thermocycler for 5 min at 25°C followed by 1 h at 50°C and 15 min at 70°C to denature the enzyme. An aliquot of the pre-mix was heated at 95°C for 10 min to denature the enzyme for no-RT controls. A 1:100 dilution of the cDNA reaction was used as template in qPCR.
The qPCR reactions were carried out using primers designed to amplify genes of interest using the program Primer3 (Rozen and Skaletsky 2000) . Primers were also designed for three genes showing no detectable variation in expression in the microarray analysis, which encoded nucleolin, actin, and 60S ribosomal protein L27a. These genes were used together as controls to normalize the qPCR measurements of test genes. For salmonid cDNAs on the microarray for which there were orthologous contigs available from smelt in the cGRASP contig collection (http://web.uvic.ca/grasp/) or for which cDNAs are already available in our lab, sequence alignment with the array cDNA was performed to select the region in the smelt cDNA most identical in sequence to the salmonid cDNA sequence on the array, and primers were designed to amplify DNA within this conserved interval. For cDNAs on the array for which no ortholog has been generated from smelt, primers were designed by aligning cDNA sequences from the array with those from one or more other fish species including zebrafish (D. rerio), barramundi (Lates calcarifer), yellow perch (Perca flavescens), crucian carp (Carassius auratus gibelio), and killifish (Fundulus heteroclitus) in order to identify a widely conserved sequence region and then generating primer sequences from within that region. In this way, primers were designed that would amplify the cDNAs from smelt that are orthologous to the salmonid array cDNA sequences. All primer oligonucleotides were obtained from Integrated DNA Technologies with standard desalting. The primer sequences are shown in Table 1 . PCR product sizes and specificities were evaluated for each primer set by agarose gel electrophoresis prior to qPCR analysis.
The qPCR reaction pre-mixes were prepared consisting of 10 µL iQ SYBR Green Supermix (Bio-Rad), 6.4 µL nucleasefree water (Sigma-Aldrich), and 0.8 µL each forward and reverse primers (10 µM; IDT DNA Technologies) for each primer pair, adding these to 2 µL of the diluted cDNA as template for a 20 µL final reaction volume. Thermocycling was performed on a LightCycler LC480 instrument (Roche) and included a 10-min cycle at 95°C to activate the enzyme, 45 cycles of 20 s at 95°C, 20 s at 58°C, 10 s at 72°C, and 10 s at 84°C for fluorescence data capture, then a 50°C through 95°C melt curve analysis. Threshold cycle data were exported to Excel files for further analysis using the BestKeeper software (Pfaffl et al. 2004 ) for consolidation of multiple reference genes and Q-gene software (Simon 2003) for calculation of normalized expression. Data were analyzed by ANOVA using the Tukey post-test with p<0.05 considered as significant.
Results
Microarray Analysis of Gene Expression
Hybridization of smelt liver cDNA to the salmonid microarray resulted in signals above background for approximately 30% of the microarray features. This level of hybridization is consistent with other studies using this microarray (Rise et al. 2004b; von Schalburg et al. 2005) . Using a twofold minimum difference as the criterion for differential regulation, 83 genes were identified. Among these genes, 69 were classified as up-regulated and 14 as down-regulated in January compared with October levels in the microarray analysis (Table 2) .
qPCR Analysis of Gene Expression in Microarray Samples
Because a heterologous microarray was used, a subset of the genes identified as differentially expressed in October and January in the array analysis was subsequently analyzed for differential gene expression by qPCR in the three individual samples that had been pooled for array hybridization to provide an independent measure of gene expression. Among the 11 genes classified as up-regulated on the array and selected for further examination, nine were found to be significantly up-regulated by qPCR in the same sample set and two were not ( Table 2 ). The fold-change values obtained by qPCR for the nine significantly upregulated genes corresponded well with those obtained by microarray, with differences less than twofold between expression ratios in the pooled sample obtained by microarray and mean expression ratios of the individual samples obtained by qPCR for each gene tested. Among the four genes found to be down-regulated on the array that were further analyzed, only one showed significant downregulation in qPCR analysis, and two others showed no significant change. The only incongruent result was for the peroxisomal multifunctional enzyme type 2 gene, which was classified as down-regulated based upon microarray hybridization and showed significant up-regulation when analyzed by qPCR (Table 2) .
Expression in Microarray-Identified Genes over the Season
A subset of genes identified by microarray analysis was selected for a qPCR-based analysis of seasonal expression cycles. The qPCR reactions on seasonal samples were successful for 14 genes, but failed to produce regular products for betaine-homocysteine methyltransferase, and that gene was therefore not analyzed further. Differential regulation over the season was evident for ten genes, as shown in Fig. 1 . However, there appear to be different cycles of expression for the genes. Genes encoding the 14-kDa apolipoprotein, UDP-sugar transporter, ATP synthase α chain, glutamate dehydrogenase 3.1, and peroxisomal multifunctional enzyme type 2 increased in expression over the winter months but were no longer significantly different from October levels in March, suggesting a winter up-regulation with rapid return to fall levels. The expression of ubiquitinconjugating enzyme E2 E1, adenosylhomocysteinase, and fructose-bisphosphate aldolase B genes increased in the fall and remained elevated through to March, suggesting a more extended seasonal cycle. The glutamate dehydrogenase 2 gene also remained significantly up-regulated in March, although there appeared to be a substantial decline in its expression that month, suggesting that it could return to October values within another month. The gene encoding PC2 glutamine/Q-rich-associated protein was unique among those examined in showing no significant change over winter but an increasing trend over the season with significant up-regulation only in March. The other genes tested, including glycogen phosphorylase, signal sequence receptor γ, and apolipoprotein A-I-1 showed no significant change in expression over the season; however, wide variability in the expression values for those genes may have obscured seasonal differences for some of those genes if they did occur. Although the expression of the cytosolic NAD + -dependent glycerol-3-phosphate dehydrogenase (GPDH) gene has been shown to vary seasonally (Liebscher et al. 2006) , it was re-examined within the group of 15 genes selected from the microarray for consistency. This reanalysis confirmed its significant seasonal up-regulation; however, the data are not shown here because the seasonal expression of GPDH in these samples was previously reported.
Discussion
The goal of this study was to generate a representative profile of the transcriptome of smelt liver in response to the winter season. Although there are substantial genomics resources available for smelt, including large expressed sequence tag databases, multiple cDNA libraries, and a bacterial artificial chromosome library (von Schalburg et al. 2008) , no nucleic acid microarray is available for osmerid fish species. Nonetheless, heterologous microarray experiments present an efficient choice for examining a species such as smelt. Previous reports suggest that this approach can be successful and highly informative for diverse vertebrate species (Renn et al. 2004; Buckley 2007; Eddy and Storey 2008) . The smelt cDNA has been shown to interact with the cGRASP 16K salmonid cDNA microarray with approximately 30% of the array features hybridizing to smelt liver cDNA (Rise et al. 2004b; von Schalburg et al. 2005) . The overall hybridization of smelt cDNA was approximately half those of the salmonid cDNAs to the array (von Schalburg et al. 2005) . Those reported findings are consistent with hybridization results of the current study. The lower level of hybridization for smelt cDNA would appear to result from the evolutionary divergence between smelt and salmonids. Smelt belong to the order Osmeriformes, distinct from the Salmoniformes, and as noted by von Schalburg et al. (2005) , mitogenomics show that these orders are not monophyletic (Ishiguro et al. 2003) . It is likely that a proportion of the genes expressed in smelt would not hybridize adequately to the array due to sequence divergence. Furthermore, for genes that are absent in salmonids or not included on the array, there would be no signal. For example, the smelt antifreeze protein gene, which was previously shown to be differentially expressed over the season (Liebscher et al. 2006) , would not figure among the results of this array hybridization because this gene is absent in representative salmonids (Graham et al. 2008) . In contrast, the most highly conserved genes among salmonid and osmerid species would be expected to hybridize most efficiently. For this reason, genes with roles in essential and universal processes would be expected to be detected in these hybridizations, and their differential regulation should be evident if it occurred over the winter season in smelt. There are multiple factors that would be expected to generate changes in gene expression over the course of the winter such as temperature, photoperiod, diet, growth, and reproduction, and the differentially regulated genes would show the scope of change that occurs during winter in this species.
The substantial winter up-regulation of cytosolic NAD + -dependent GPDH, evident in the array analysis and confirmed in the October and January array samples using qPCR, is consistent with previous findings on the fall and winter regulation of this gene, which had shown a dramatic increase in its expression until February when it begins to decline (Liebscher et al. 2006) . The synthesis of glycerol in smelt liver from amino acids and glucose has been suggested by radiotracer experiments (Raymond and Driedzic 1997) and confirmed by NMR analysis (Walter et al. 2006) . Rapid glycerol synthesis involves the conversion of dihydroxyacetone phosphate plus NADH to glycerol-3-phosphate plus NAD+ in the GPDH-catalyzed reaction. Glycerol-3-phosphate is subsequently converted to glycerol, but it is unclear how the cells might deal with the accumulated NAD + . Genes encoding two isoforms of glutamate dehydrogenase (GDH) are among those most highly up-regulated on the microarray and confirmed to be seasonally up-regulated by qPCR. Isoforms of GDH can catalyze the oxidative deamination of glutamate plus NADP+/ NAD+ to yield α-ketoglutarate plus NADH/NADPH. Smelt derive energy from a protein-rich diet during winter which, in concert with transaminases, would require the deamination reaction. Therefore, the concomitant expression of GPDH and GDH suggests a mechanism for redox balance in hepatocytes during accelerated glycerol synthesis. Furthermore, the ammonia produced by the GDH-catalyzed reaction is a precursor for the synthesis of urea, which also accumulates in smelt plasma during winter (Raymond 1998; Treberg et al. 2002) . In the catabolism of glucose, aldolase B cleaves fructose-1,6-bisphosphate into glyceraldehyde-3-phosphate and dihydroxyacetone phosphate. Therefore, the strong up-regulation of the gene encoding aldolase B during winter may also reflect the increased flux through this pathway.
Other genes may also be accommodating the metabolic shift required to produce substantial glycerol and AFP during winter. Ubiquitin-conjugating enzyme E2 E1 catalyzes the conjugation of ubiquitin with intracellular proteins, which are thereby tagged for proteolysis. This gene is up-regulated in smelt during winter, and the amino acids thereby released can be used for gluconeogenesis and/or glyceroneogenesis (through the activity of enzymes such as GDH discussed above) or as precursors for the synthesis of other proteins.
These two processes would allow the catabolism of cell proteins to produce glycerol and antifreeze proteins, respectively, which both accumulate to high levels during the winter (Lewis et al. 2004 ). The up-regulation of an enzyme involved in ubiquination suggests that dietary protein may not always be sufficient to accommodate the accelerated synthesis of compounds essential for winter freeze resistance in smelt. The continued increase in expression of the ubiquitinconjugating enzyme E2 E1 gene over the winter months, corresponding to the depletion of glycogen in liver over the same interval (Treberg et al. 2002) , suggests dietary protein insufficiency as the winter progresses, although the overall protein synthesis rates in smelt during winter are unknown. The related ubiquitin-conjugating enzyme E2 17 was upregulated in response to moderate cold exposure in all tissues examined in carp (C. carpio; Gracey et al. 2004 ), further suggesting cold-responsive protein catabolism. The role of ubiquination in generating protein precursors during winter in smelt may also require further study, as the ubiquitinproteasome system has been shown to be unrelated to starvation in trout (Martin et al. 2002) . The up-regulation of ubiquitin-conjugating enzyme E2 E1 may alternatively reflect a need for enhanced protein turnover at cold temperatures due to protein denaturation. Greater expression of genes encoding proteins involved in ubiquination, including ubiquitin-conjugating enzyme E2 isoforms, is evident in cold-adapted Antarctic species Dissostichus mawsoni compared with unrelated warm water fish species . Copy numbers of genes encoding these enzymes were also elevated in the genomes of Antarctic nototheniids compared with those located outside of the subfreezing waters of the Antarctic . Since the Antarctic species are not undergoing a seasonal change or obvious starvation, a metabolic role of ubiquitin in supplying protein precursors is unlikely, and a role in the disposal of denatured proteins appears reasonable. Nonetheless, the shift in ubiquitin-conjugating enzyme E2 E1 gene expression is not necessarily occurring in smelt for the same reasons as in the other species.
Lipid metabolism appears to be modulated over the season, with the qPCR analysis of microarray samples showing substantial up-regulation of the 14-kDa apolipoprotein during winter. This teleost apolipoprotein was first cloned from eel (Anguilla japonica) liver (Kondo et al. 2001 ). It does not appear to have a direct ortholog in mammals and its biological role is unknown (Kondo et al. 2001) . The clear seasonal expression pattern of this gene in smelt may be helpful in guiding the examination of its recognition properties and role. The ATP synthase α chain gene follows a similar pattern of expression to the 14-kDa apolipoprotein. Besides its known role in mitochondrial ATP synthesis, ATP synthase is present at the plasma membrane of hepatocytes where it associates with lipid Fig. 1 Seasonal variation in mRNA levels for microarray-identified genes in liver of smelt. Transcript levels for each gene studied relative to those for a set of reference genes were determined by qPCR, as described in "Materials and Methods". For the Oct. 20, Nov. 1, and March 23 samples, n=4; for Dec 20, n=5; for Jan. 23, n=3. All data are mean normalized expression (MNE) represented as means ± SEM. Asterisks indicate significant differences compared to October values, with *, **, and *** signifying p<0.05, 0.01, and 0.001, respectively. Gene names abbreviated on the graph labels are the following: 14-kDa apolipoprotein (Apo14K), fructose-bisphosphate aldoalse B (AldoB), glycogen phosphorylase, muscle form (GPase), glutamate dehydrogenase 2 (GDH2), UDP-sugar transporter UST74c (UST), adenosylhomocysteinase (AHC), ATP synthase, α chain (ATPα), glutamate dehydrogenase 3.1 (GDH3), ubiquitin-conjugating enzyme E2 E1 (UCE), signal sequence receptor, γ subunit (SSR), peroxisomal multifunctional enzyme type 2/17-β-hydroxysteroid dehydrogenase 4 (PME2), apolipoprotein A-I-1 (ApoAI1), PC2 glutamine/Q-rich-associated protein (PCQAP) rafts and regulates the internalization of lipoproteins (Champagne et al. 2005) . Therefore, the up-regulation of these two genes suggests modulation of lipid metabolism through the winter season. The increase in adenosylhomocysteinase gene expression over the winter months may also modulate lipid metabolism. This enzyme hydrolyzes adenosylmethionine, which is an inhibitor of adenosylmethionine-driven methylation reactions, and it therefore reduces the rate of AdoMet-dependent methylation of phospholipids (Malanovic et al. 2008) . The adenosylmethionine-dependent methyltransferases methylate nuclear molecules including nucleic acids, histones, and lipids such as phosphatidylethanolamine, which is converted to phosphatidylcholine. Therefore, by removing the inhibitor of these enzymes, adenosylhomocysteinase can regulate multiple processes, most notably the synthesis of phosphatidylcholine (Malanovic et al. 2008) . A further enzyme up-regulated in winter compared with fall is betaine-homocysteine methyltransferase (BHMT), which converts homocysteine to methionine. Induction of BHMT in rat hepatoma cells increases apolipoprotein B mRNA levels, which in turn leads to greater secretion of triacylglycerol and apolipoprotein B-based lipoproteins from hepatocytes (Sparks et al. 2006) . Thus, considerable modulation of lipid and triacylglycerol synthesis and transport appear to take place during winter in smelt liver, consistent with the response of carp liver to low temperature (Gracey et al. 2004; Gracey 2007) .
The up-regulation of adenosylhomocysteinase and BHMT may also contribute to the production of amino acids that are required for AFP synthesis. Expression of the C-type lectin-like smelt type II AFP in liver follows a cycle that begins prior to the initial fall sampling (Liebscher et al. 2006) , and the up-regulation of the two enzymes may contribute to the production of amino acids that are required for AFP synthesis. AFP mRNA levels remain elevated until April, suggesting that rapid synthesis of AFP is underway throughout the winter months. This type II AFP is rich in the sulfur amino acids compared with the average for proteins. The mole percentages of Met and Cys are 3.8% and 6.3%, respectively, in smelt AFP compared with averages in the SwissProt database of 1.8% and 3.3%, respectively. Therefore, Met and Cys would be incorporated into AFP at a considerable rate in hepatocytes, with the associated risk of their depletion over the winter. The elevated expression of BHMT in the winter microarray samples shown by qPCR analysis may reflect altered metabolism of the sulfur amino acids to accommodate accelerated AFP synthesis. The type II AFP also has an Nlinked glycan (Ewart et al. 1992; Achenbach and Ewart 2002) , and its synthesis and secretion would require rapid addition of carbohydrate, followed by processing and trimming. The winter up-regulation of the gene encoding UDP-sugar transporter UST74c may facilitate this AFP processing. The UST74c transporter carries UDP-sugars, including UDP-GlcNAc from the cytoplasm into the lumen of the endoplasmic reticulum and/or Golgi compartments of the cell where they become available for covalent attachment to nascent glycoproteins (Goto et al. 2001; Fortini 2001; Selva et al. 2001) . The maintenance of UDP-GlcNAc levels in the Golgi is crucial to cell growth control because it modulates the extent of N-glycan branching of key growth factor receptors (Lau et al. 2007 ). Therefore, up-regulation of UST74c, and possibly related transporters not detected in this study, may be valuable in maintaining cell growth during high type II AFP synthesis.
The role of the up-regulated 17-β-hydroxysteroid dehydrogenase 4 gene during winter in smelt is not yet clear. The encoded protein comprises three enzymes in tandem, including a member of the short-chain alcohol dehydrogenase family, a hydratase, and a lipid carrier domain, which catalyze three consecutive steps in betaoxidation (Breitling et al. 2001) . The protein also has a role in the interconversion between the 17-ketosteroids such as androstenedione or estrone and their more active 17-β-hydroxysteroid counterparts such as testosterone and 17-β-estradiol (Brown et al. 2004) . Since the smelt spawn in the spring, a role for differential expression of this gene in reproduction is possible; however, in male brown trout, no seasonal variation was evident in its expression (Castro et al. 2009 ). Moreover, in yeast (S. cerevisiae), the orthologous FOX2 gene is up-regulated at low temperature (4°C) and down-regulated at high temperature (35°C), implying a specific role in cold adaptation (Homma et al. 2003) . Since yeast do not produce steroid hormones, the beta-oxidation function appears to be the one that is relevant in the cold.
The positive cofactor 2 glutamine/Q-rich-associated protein gene, which was classified as down-regulated by microarray, was found to be up-regulated in the microarray samples when analyzed by qPCR. The expression pattern of this gene also showed a constant and substantial increase over the timeframe of the measurements rather than a seasonal cycle. The cofactor 2-associated protein C2 belongs to the mediator complex protein that functions as a co-activator function in RNA polymerase II-driven gene transcription (Berti et al. 2001) . Its role in seasonal adaptation remains to be investigated.
Functional associations among the genes within this study were limited, partly because they were chosen to represent different pathways and processes. Nonetheless, four of the most highly up-regulated genes evident in the array study and subsequent qPCR analysis share a regulatory feature: modulation by cortisol. Glutamate dehydrogenase has been shown to be up-regulated by cortisol in sea raven (Vijayan et al. 1996) and mammalian liver (Timmerman et al. 2003) . Up-regulation of the aldolase B gene by dexamethasone was demonstrated in mammalian liver (Gomez et al. 1994; Ito et al. 1998) . GPDH is similarly up-regulated by cortisol in differentiating mammalian adipocytes (Hauner et al. 1989 ) and glial cells (Cheng and de Vellis 2000) . Two genes were identified as up-regulated during winter in the prior subtraction analysis of smelt liver transcripts, which encoded encoding FK506-binding protein 51 and the mitochondrial solute carrier 25 member 25, and both genes are known to be regulated by cortisol in mammals (Richards et al. 2008) . It is notable that in some of the mammalian studies, cortisol was added to high (pharmacological) levels that would not normally be observed in vivo. Nonetheless, the identification of multiple genes up-regulated in smelt during winter that are known to respond to cortisol in other species may suggest a role for cortisol in the regulation of winter adaptation of smelt. This would be consistent with the role of cortisol in lowtemperature adaptation of killifish (F. heteroclitus; Schulte et al. 2000) .
The single gene confirmed as down-regulated in the microarray samples using qPCR encoded the γ subunit of the signal sequence receptor. This gene was not found to be significantly down-regulated over the winter season; however, substantial variation within time points may have masked a seasonal down-regulation, and this deserves further study. The genes encoding the subunits of the signal sequence receptor, recently renamed translocon-associated protein, are up-regulated in endoplasmic reticulum stress (ER stress), and this protein is predicted to have a role in translocation of unfolded proteins from the ER for subsequent degradation (Nagasawa et al. 2007) . Therefore, the down-regulation of this gene evident in the qPCR analysis of microarray samples suggests diminished ER stress during winter in smelt. This would appear counterintuitive considering the fact that proteins at these temperatures are expected to be subject to cold denaturation and the accumulation of unfolded protein in the ER is a key trigger of ER stress. However, the presence of high glycerol in smelt during winter may counter ER stress by promoting general protein folding at low temperature or by interacting with specific ER stress regulators. Glycerol at 130 mM prevents ER stress-mediated apoptosis in human hepatocytes treated with interferon-γ (Kanki et al. 2009 ). Since smelt accumulate glycerol during winter to levels that normally exceed that concentration, it is plausible that smelt liver cells are similarly protected. Thus, the role of glycerol in smelt during winter will need to be revisited as protection from protein denaturation and ensuing ER stress and cell death may be an important role of this adaptation.
In summary, the current study reports on (1) the detection by microarray analysis of differential gene regulation in fall and winter season, (2) an independent analysis of differential expression for a selection of gene identified by microarray in the fall and winter smelt samples using qPCR with statistical analysis, and (3) a further analysis of seasonal expression over the winter months for these genes. Together, the results confirm the universal role of some genes and processes in seasonal or cold adaptation across species, whereas they also reveal seasonal adaptations that appear more restricted in their distribution. A more thorough understanding of vertebrate cold adaptation may be instructive in ecology, environmental physiology, and human health. In these contexts, it is important to begin identifying the general and more specific adaptations by comparative analysis.
